Human cytomegalovirus particles contain a phosphoprotein of 150,000 (ppl50) apparent molecular weight in their matrix; the protein appears particularly reactive in Western blot analyses with human antisera. The gene for ppl50 was mapped by screening a bacteriophage lambda gtll cDNA expression library with monospecific rabbit antisera. Subsequent hybridization of cDNA with cosmid and plasmid clones containing the human cytomegalovirus strain AD169 genome mapped the gene to HindIII fragments J and N. The gene is transcribed into a late 6.2-kilobase RNA. The nucleotide sequence of this region was determined, and a transcription initiation site and two polyadenylation sites of an abundant transcript were located by primer extension and nuclease protection experiments. The reading frame for ppl50, deduced from computer analyses, gives rise to a polypeptide of 1,048 amino acids in length; protein secondary structure analysis revealed multiple n-pleated sheets in hydrophilic clusters, providing a possible explanation for the immunogenic properties of the polypeptide.
Human cytomegalovirus (HCMV), a ubiquitous pathogenic herpesvirus of considerable clinical importance, has at least 25 structural proteins in the molecular weight range of 200,000 (200K protein) to 18 ,000. Several of these proteins are modified by glycosylation or phosphorylation (4, 11, 15, 30, 32, 40) . Though identification of genes for structural proteins will be required to develop novel diagnostics and vaccines, very few of these genes have been mapped to date. The HCMV gene coding for an abundant 65K virion polypeptide has been identified by hybrid-selected in vitro translation (30, 34) , and a gene for a polypeptide similar in size has been found by hybridization of synthetic oligonucleotides derived from the known polypeptide sequence (31) . A second matrix protein (71K phosphoprotein) was mapped by hybrid selection combined with immunoprecipitation of in vitro translation products, using monoclonal antibodies (30, 34) . Eucaryotic expression cloning of viral DNA sequences under the control of the simian virus 40 early promoter in COS-I cells and detection of gene products with tnonoclonal antibodies allowed mapping of the gene of a major viral tegument protein (Towne strain) of about 67K (8, 9) . The coding sequence for a virion envelope glycoprotein (gp58) of HCMV was determined with a bacteriophage lambda expression system (24) . This procedure has recently been successfully used to map the gene for an HCMV-DNAbinding protein (28) .
Like other herpesviruses, purified HCMV contains two prominent large proteins with apparent molecular weights of about 150,000. One of these is assumed to be the major nucleocapsid protein (15) . The other polypeptide is phosphorylated and was designated as basic phosphoprotein MATERIALS AND METHODS Virus, cell culture, and virion purification procedures. HCMV AD169 was provided by U. Krech, St. Gallen, Switzerland. Propagation of virus in human foreskin fibroblasts followed standard methods. The virus was purified by centrifugation through a glycerol-tartrate gradient (41) .
Protein gel electrophoresis and Western blot analysis. The proteins of purified HCMV particles were fractionated in sodium dodecyl sulfate-containing 8.5 and 10% (wt/vol) polyacrylamide gels essentially as described by Laemmli (21) . For some experiments, the gels were cross-linked with a higher amount of methylene bisacrylamide/acrylamide (1:28) to resolve the large proteins of around 150K (19) . Gels were stained with Coomassie brilliant blue or stained with silver nitrate (26) . Standard (27) .
Induction of fusion proteins. Fusion proteins were synthesized in E. coli strain Y1089. An overnight culture of Y1089 was infected with recombinant phages at a multiplicity of infection of 2 to 3 per cell for 20 min at room temperature.
After dilution in 3 ml of LB medium, cells were grown at 32°C to a density of 0.2 A6N unit. The cultures were induced by the addition of isopropyl-i-D-thiogalactopyranoside (IPTG) and incubated at 42°C for 15 min. After an additional 2 h at 37°C, the cells were collected in 100 ,l of polyacrylamide gel electrophoresis (PAGE) buffer.
RNA extraction. RNA was isolated from infected cells as described before (6 (25) . Cosmid cloned HCMV DNA, strain AD169 (14) , was subcloned in vectors pACYC184 (5) and pUC8 (43) ; and cDNA clone BB-8 was subcloned in vector M13mpl9 (45) .
Transcript analyses by primer extension and nuclease protection. The probes used for RNA analyses were made by the "prime cut" method as previously described (12) . The primer extension and S1 nuclease digestion were carried out according to Biggin et al. (2) , and the products were analyzed on 6% polyacrylamide-8 M urea sequencing gels.
DNA sequencing and computer analyses. Sequencing of lambda gtll cDNA and viral DNA was performed according to Sanger et al. (35) . The HCMV DNA sequence was aligned and overlapped by computer (37) , and open-reading-frame (ORF) analysis was carried out with the program ANALYSER (38) . Two-dimensional protein structures were determined by the method of Chou and Fasman (7) , and nucleotide sequence comparisons were carried out with a software package provided by the University of Wisconsin Genetics Computer Group (10) .
RESULTS
Genomic location of the gene. A high-titered antiserum directed against the 150K phosphoprotein was raised in New Zealand White rabbits. Virus particles were purified from cell culture supernatants, and about 1.5 mg of virion proteins was fractionated by preparative PAGE. The protein was isolated from the gel and used for immunization by at least five subsequent inoculations. Figure 1A, HCMV PHOSPHOPROTEIN 1361 phage lambda gtll expression vector; the cDNA had been synthesized from oligo(dT)-selected RNA that was extracted from HCMV-infected fibroblasts in the late phase of virus replication. Eight bacteriophage clones producing Pgalactosidase-HCMV fusion proteins were identified by the initial plaque-staining immunoblot procedure. Protein extracts from individual clones were analyzed by PAGE. Fusion proteins larger than the 118K ,-galactosidase could be detected in each extract (Fig. 1B , lanes 3 and 4) and were recognized by rabbit antiserum against ppl50 and by human anti-HCMV sera ( Fig. 1C and D ). Antibodies were subsequently raised against gel-purified fusion protein; they reacted with ppl50 exclusively when tested in Western blots with proteins of purified virions (data not shown). DNA was purified from one of the eight identified bacteriophage clones that produced fusion proteins and was designated lambda BB-8. The inserted DNA was subcloned in M13mpl9 (resulting in clone M13-BB8), nick repair labeled with [32P]ATP, and hybridized in Southern blots with Hindlll-digested cosmid clones containing the genome of HCMV strain AD169 in an overlapping fashion (14) . Hybridization signals were seen with the HindIII-J fragment of the overlapping cosmid pCM1015 and pCM1017 ( Fig. 2A and B, lanes 6 and 7). Hybridizations with a series of subclones located the sequence homologous to cDNA clone lambda BB-8 within the EcoRI-Y fragment (Fig. 2) .
Nucleotide sequence. The nucleotide sequence of a 6.36-kilobase (kb) segment (map units 0.160 to 0.186) encompassing the EcoRI-Y fragment and the adjacent EcoRI-c fragment was determined by the dideoxy chain termination method (35) . Figures 3A and B show the entire DNA sequence; the overlap between HindIII fragments N and J has not been sequenced separately. Analyses of this genomic sequence revealed two large ORFs running in opposite directions (Fig. 4) . The longer frame spans 3,144 nucleotides (between nucleotides 524 and 3668 in Fig. 3 and 4) , coding for a protein of 112,700 molecular weight. The smaller frame in the opposite orientation was found between nucleotides 5765 and 3751. Nucleotide sequences of the viral 6.36-kb genomic DNA segment and the cDNA clone lambda BB-8 were aligned by computer methods. The region of full homology within the longer ORF is underlined in Fig. 3 and marked as a filled box in Fig. 4 . This indicated that the virion phosphoprotein with an apparent molecular weight of 150,000 is encoded by the longer of the two ORFs between nucleotides 524 and 3668 ( Fig. 3 and 4) .
Protein structure. The DNA sequence encompassing the two opposite ORFs was investigated by the computer program TESTCODE (13) . It confirmed that both ORFs correspond to codon usage of eucaryotic genes (data not shown).
A remarkable accumulation of hydrophilic regions appeared to be a salient feature of pplS0 ( Fig. Sa and b) . Most hydrophilic clusters were located in the polypeptide sequence between amino acids 370 and 760. Computer analyses by Chou and Fasman (7) indicated that several of those hydrophilic clusters coincide with beta-pleated sheets in the protein ( Fig. Sa and b) . Antigenic sites are often located within hydrophilic , turns (18) . Based on this assumption, strong antigenic sites could be expected around amino acids 430, 530, and 710. First experiments with expressed fusion proteins confirmed this assumption (B.-C. Scholl and G. Jahn, unpublished data). Transcription signals. Northern blot analyses were performed with total late RNA from infected fibroblasts, using 32P-labeled DNA of the cDNA clone M13-BB8 and various plasmid subclones of cosmid pCM1015 (Fig. 2A) . The cDNA hybridized clearly with an RNA size class of about 6.2 kb (Fig. 6, lanes 1 and 2) . Overlapping and flanking plasmid clones detected an abundant RNA of identical size (Fig. 6 , lane 4); in addition, weaker smaller bands of RNAs of various sizes were seen in the Northern blots (Fig. 6 ). To confirm that the transcription and termination signals found in the nucleotide sequence were functional late in virus replication, the precise 5' and 3' ends of a major transcript were mapped by nuclease protection and primer extension analyses, using late RNA.
Probe J811/SacII (positions 474 to 511; total length, 85 bases including M13 sequences) produced a product of 132 bases when extended with reverse transcriptase (Fig. 7a) , indicating that the 5' terminus of the RNA from the gene is at position 424 (Fig. 3A) . Thirty nucleotides upstream of the RNA start site a potential TATA box sequence, TATTAAA, is located (Fig. 4A , positions 391 to 397). S1 nuclease analyses using probe N314/EcoRI (positions 6001 to 6347) (Fig. 3B ) produced a clearly protected fragment of 260 bases (Fig. 7b, lane L) . This indicated that the 3' end of an abundant late RNA corresponds to nucleotide 6261 (Fig.  3B) , which falls 20 bases downstream of the poly(A) signal sequence AATAAA (Fig. 3B) . By using the same probe, a much weaker signal was also found, corresponding to a putative minor poly(A) addition site at map position 6310 (Fig. 3B ). This site is 24 bases downstream of the sequence ATTAAA, which also has been shown to be functional as a poly(A) signal (1). (14, 20, 30) . The nomenclature of cosmid clones pCM1007, pCM1013, pCM1015, pCM1017, pCM1029, pCM1035, pCM1052, pCM1058, and pCM1075 covering the entire HCMV AD-169 genome is taken from the original report (14) . Brackets at the top indicate cloned DNA fragments that were used in the Southern blot hybridization experiments shown in (B). The DNA segment of 6.36 kb between map units 0.160 and 0.186 of HCMV AD169 is shown in expanded scale, including relevant restriction endonuclease cleavage sites that were used in following experiments. The 6.36-kb DNA segment corresponds to the nucleotide sequence shown in Fig. 3. (B) Physical mapping of the ppl50-encoding DNA sequence by Southern blot hybridizations. The cDNA clone M13-BB8, derived from the bacteriophage lambda expression clone lambda (Fig. 1, lanes 3, 7, and 10 The nucleotide sequence comparison between the genomic DNA and the DNA of the positive expression clone of the library (Fig. 1) showed that the cDNA clone lambda BB-8 represents an internal part of the long reading frame. This is most easily explained since a lambda gtll clone from the long 3'-untranslated sequence could not express virusspecific fusion proteins detectable by the plaque-staining immunoblot procedure with the antibody (rabbit antiserum). That the cDNA did not contain the poly(A) site is not surprising since all generated douple-stranded sequences were cloned without attempt to enrich for full-length cDNA.
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The coding sequence for pplS0 is located in the long unique segment of the viral genome within HindIII fragments J and N between map positions 0.160 and 0.186 of HCMV strain Ad169. The gene is transcribed into an abundant late RNA which appears to consist of 6.2 kb. Primer extension and nuclease protection experiments identified a transcription initiation site which is preceded by a TATA consensus sequence. It might be possible that the minor RNA bands seen in Fig. 6 are 5' coterminal with the major RNA of 6.2 kb. A poly(A) site from the pplS0 coding sequence was localized by S1 analyses. It is 20 nucleotides downstream of the single canonical poly(A) signal AATAAA that was seen within the entire sequenced tegion. The sequence has the typical structure of a poly(A) addition site (3) . An alternative poly(A) signal, ATTAAA, was found 40 nucleotides downstream of the sequence AATAAA. S1 analysis revealed a second protected fragment of low intensity (Fig. 7b, lane L (Fig. 4 ). Yet, a computer search for splice donor consensus sequences (29) (Fig. 3B ). This motif had been shown by in vitro mutagenesis to be a very weak poly(A) cleavage signal (44) . Future studies will discriminate among primary transcript, various possible RNA precursors, and the functional mRNA as a basis for comprehensive transcript mapping.
Phosphoproteins of about 150,000 apparent molecular weight have been shown in the matrix or internal envelope of other herpesviruses (23, 33 Fig. 3 . The EcoRI cleavage site of N314 falls 50 nucleotides into the M13 sequence of that clone. In each experiment, the probe (P) was annealed to mock RNA (C) or late RNA from HCMV-infected cells (L) and was either extended with reverse transcriptase (a) or digested with Si nuclease (b). HpaII-digested pBR322 was used as the molecular weight standard (M). The numbers indicate the estimated size (in bases) of the S1 nuclease-protected fragments and the primer extension product. The primer extension product shown in (a) (132) locates the 5' end of a major late HCMV RNA to nucleotide 427. The protected fragment Qf lane L in (b) (260) shows that a 3' end of HCMV-coded late RNA corresponds primarily to nucleotide 6261 (see Fig. 3 Fig. 2 ) with late RNA. Lanes 3 and 5, RNA from mock-infected cells. Molecular weight standards: E. coli rRNA (Boehringer) of 23S (3.3 kb) and 16S
(1.7 kb) and human cell rRNA of 28S (5.2 kb) and 18S (2.0 kb).
sequence homology, and it is not located in any recognizable colinear fashion. Other HCMV genes, e.g., for the DNA polymerase (17) and for the major glycoprotein gene (24) , do have, in contrast, significant sequence homologies with EBV DNA in colinear arrangement.
Computer analyses of polypeptide secondary structures in ppl50 indicated multiple beta-pleated sheets in hydrophilic amino acid clusters, offering an explanation for the highly antigenic properties (18) . Therefore, this phosphoprotein of HCMV should be used for scaled-up production by expression vector cloning to obtain larger amounts of the polypeptide and to improve serodiagnostic reactions.
